A population of NK cells expressing the activating receptor NKG2C and the maturation marker CD57 expands in response to human CMV (HCMV) infection.
Introduction
NK cells are innate lymphocytes with direct cytotoxic activity against infected or malignant cells. They also help orchestrate adaptive immune responses through the secretion of inflammatory cytokines such as TNF and IFN-γ. The importance of NK cells in host protection is underscored by reports of individuals with primary NK cell deficiencies who present with severe and recurrent herpesvirus infections including herpes simplex virus (HSV), EBV, varicella zoster virus (VSV), and CMV. Nearly half of patients with an identified NK cell deficiency died prematurely, highlighting the severity of their disease (1) .
In both mice and humans, CMV infection is associated with clone-like expansions of NK cells that directly recognize viral antigens. Studies of mouse CMV (MCMV) infection identified a subset of NK cells in C57BL/6 mice expressing the activating receptor Ly49H that specifically recognize the MCMV-encoded glycoprotein m157 (2, 3) . The Ly49H-m157 interaction is critical for host control of MCMV infection. In response to MCMV infection, Ly49H + NK cells undergo expansion, contraction, and persistence phases and confer specific protection against MCMV rechallenge. Thus, these cells are regarded as MCMV-specific memory cells (4) . Additionally, animal models of influenza, HSV, and SIV have indicated the potential existence of NK cells with memory attributes (5) (6) (7) .
Compared with mice, the human NK cell response to CMV appears to be somewhat more complex. Many, but not all, individuals seropositive for human CMV (HCMV) have elevated frequencies of NK cells expressing the lectin-like heterodimeric receptor CD94/NKG2C circulating in their peripheral blood (8) . The expansion of NKG2C + NK cells appears to occur specifically in response to HCMV infection, as no expansions of NKG2C + NK cells have been observed in studies of patients with recurrent HSV infections (9) or acute EBV infections (10) . The expansion of NKG2C + NK cells is dependent on expression of the HLA-E class Ib molecule on infected cells. HLA-E constitutes the major ligand for CD94/NKG2 NK cell receptors. Both NKG2C and its inhibitory counterpart NKG2A bind HLA-E (11, 12) . The affinity of NKG2C and NKG2A for HLA-E is strongly influenced by HLA-E-bound peptides (13) . In HCMV-infected cells, HLA-E can also present virus-encoded UL40 peptides and induce NKG2C + NK cell expansion (14, 15) .
NKG2C + NK cells that expand in response to HCMV infection express lower levels of NKG2A (8) , rapidly acquire the maturation marker CD57 (16) , and exhibit a stable skewing of the killer cell Ig-like receptor (KIR) profile with a bias for both self-specific inhibitory KIRs and activating KIRs (17) . Functionally, NKG2C + NK cells from HCMV-seropositive individuals exhibit decreased responsiveness to IL-12 and IL-18 stimulation but enhanced Ab-dependent cellular cytotoxicity (ADCC) and a greater capacity A population of NK cells expressing the activating receptor NKG2C and the maturation marker CD57 expands in response to human CMV (HCMV) infection. CD3 -CD56 dim CD57 + NKG2C + NK cells are similar to CD8 + memory T cells with rapid and robust effector function upon restimulation, persistence, and epigenetic remodeling of the IFNG locus. Chronic antigen stimulation drives CD8 + memory T cell proliferation, while also inducing genome-wide epigenetic reprograming and dysfunction. We hypothesized that chronic stimulation could similarly induce epigenetic reprograming and dysfunction in NK cells. Here, we show that chronic stimulation of adaptive NK cells through NKG2C using plate-bound agonistic Abs in combination with IL-15 drove robust proliferation and activation of CD3 -CD56 dim CD57 + NKG2C + NK cells, while simultaneously inducing high expression of the checkpoint inhibitory receptors LAG-3 and PD-1. Marked induction of checkpoint inhibitory receptors was also observed on the surface of adaptive NK cells cocultured with HCMV-infected endothelial cells. Chronically stimulated adaptive NK cells were dysfunctional when challenged with tumor targets. These cells exhibited a pattern of epigenetic reprograming, with genome-wide alterations in DNA methylation. We believe our study has important implications for cancer immunotherapy and propose that exhausted NK cells could be targeted with inhibitory checkpoint receptor blockade.
Studies on NK cells collected from patients with cancer have reported diminished cytolytic activity and inflammatory cytokine production compared with NK cells from peritumor regions or from the peripheral blood (38) . Additionally, PD-1 was found to be upregulated on NK cells from patients with renal cell carcinoma (39) , multiple myeloma (40) , and Kaposi sarcoma (41) . However, the molecular basis of NK cell exhaustion remains largely unexplored. We hypothesized that hallmarks of T cell exhaustion including checkpoint inhibitory receptor expression, dysfunction, and epigenetic imprinting could be induced in adaptive NK cells by chronic stimulation. This hypothesis was based on the findings that adaptive NK cells expand in vivo in response to a chronic infection (HCMV), and that they have a unique epigenetic signature strikingly similar to that of effector memory CD8 + T cells (18) . Our study reveals that chronic stimulation of adaptive NK cells through NKG2C ligation leads to robust proliferation and a concomitant decrease in effector function. These dysfunctional cells expressed high levels of LAG-3 and PD-1 and exhibited wholegenome epigenetic reprograming.
Results
Chronic stimulation drives adaptive NK cell proliferation. Previous work in murine models has shown that tumor-induced CD8 + T cell dysfunction is predominantly driven by persistent TCR signaling during antigen engagement, and while microenvironmental factors may contribute, they are not sufficient to induce exhaustion (34, 35) . Thus, we reasoned that we would be able to set up a simple system to study the effects of chronic activating receptor stimulation on primary NK cells cultured ex vivo and profile NK cell exhaustion. To test this hypothesis, we acquired 2 mAbs developed by R&D Systems. The first Ab (clone 134571; anti-NKG2C) is specific for NKG2C, and the second Ab (clone 131415; anti-NK-G2A/C) is specific for both NKG2C and NKG2A, which is structurally similar to NKG2C but inhibits NK cell activation through recruitment of the tyrosine phosphatases SHP1 and SHP2 (42) . Both Abs were shown to induce robust NK cell cytotoxicity in redirected lysis assays using Ab-coated P815 cells (43) .
To test whether chronic NKG2C engagement can drive NK cell proliferation, we screened peripheral blood from healthy HCMV-seropositive donors to identify individuals with adaptive NK cell expansions (≥15% of all CD3 -CD56 dim NK cells having a CD57 + NKG2C + phenotype). PBMCs from these donors were depleted of T and B cells, and the remaining cells (consisting of monocytes and NK cells) were cultured for 7 days with 10 ng/ml IL-15 and either PBS, plate-bound IgG isotype control Ab, platebound anti-NKG2A/C Ab, or plate-bound anti-NKG2C Ab. We observed an enrichment of both CD57 -NKG2C + and CD57 + NK-G2C + NK cells in anti-NKG2A/C Ab cultures relative to PBS and IgG isotype controls. Interestingly, we found that NKG2C surface expression was significantly lower on NK cells stimulated with the anti-NKG2C Ab relative to those stimulated with the anti-NK-G2A/C Ab ( Figure 1A ). This effect may be due to downmodulation or internalization of NKG2C, a phenomenon that has been previously described upon NK cell stimulation with HLA-E:G peptide complexes (15, 44) . For direct measurement of proliferation, we labeled NK cells with CellTrace dye prior to culturing and repeated these culture experiments. We observed significantly more cell to produce IFN-γ (17, 18) , which is reflected in epigenetic remodeling of the IFNG locus (18, 19) . Interestingly, HCMV-seropositive individuals who are homozygously null for KLRC2 (the gene encoding NKG2C) are asymptomatic and healthy, suggesting that NK cells have redundant pathways for responding to HCMV. Part of this redundancy appears to involve expression of high levels of CD2, which can synergistically enhance signaling following CD16 ligation (20) . Because NKG2C + NK cells exhibit pathogen specificity (8), long-term persistence (21) , and control of secondary infections (22) , we refer to these cells as "adaptive."
Beyond NKG2C, subsets of NK cells in many HCMV-seropositive individuals lack the signaling adaptor proteins FcεRγ, SYK, and/or EAT-2 in a seemingly stochastic fashion as well as the transcription factors promyelocytic leukemia zinc finger (PLZF) and HELIOS (18, 23) . Lack of FcεRγ, SYK, and EAT-2 correlates, but does not completely overlap, with NKG2C expression. Modulation of signaling molecule expression appears to diversify NK cell function, as cells lacking FcεRγ exhibit enhanced ADCC, and those lacking either FcεRγ or EAT-2 manifest significantly lower degranulation in response to activated, autologous T cells. Importantly, examination of genome-wide DNA methylation in NK cell and CD8 + T cell subsets from HCMV-seropositive individuals revealed that adaptive NK cells have significant alterations compared with canonical NK cell subsets, with widespread hyper-as well as hypomethylation. Furthermore, the methylation profile of adaptive NK cells correlated strongly with that of effector memory CD8 + T cells (18) .
T cell exhaustion was first identified during chronic lymphocytic choriomeningitis virus (LCMV) infection in mice as virus-specific CD8 + T cells that are unable to produce cytokines (24) . Persistent LCMV infection is associated with CD8 + T cell impairment, which occurs in a hierarchical fashion, in which T cells lose the ability to produce IL-2, followed by the ability to make TNF, and then become unable to produce IFN-γ (25) . Inhibitory receptors have a key role in T cell exhaustion, and high expression of multiple inhibitory receptors is a hallmark feature of the exhaustion of T cells in both animal models and in humans (26) . Programmed cell death 1 (PD-1) is a major inhibitory receptor involved in T cell exhaustion, and blocking PD-1 during chronic LCMV infection reinvigorates virus-specific CD8 + T cell responses and reduces viral load (27) . In addition to PD-1, several other cell-surface inhibitory receptors influence T cell exhaustion. Virus-specific CD8 + T cells responding to chronic viral infection in animal models and in humans can also coexpress lymphocyte activation gene 3 (LAG-3), CD244 (2B4), cytotoxic T lymphocyte-associated 4 (CTLA-4), T cell Ig and mucin domains-containing protein 3 (TIM-3), and other inhibitory receptors (28) . The pattern of inhibitory receptor induction and the number of receptors simultaneously expressed reflect the severity of dysfunction (29) . Recovery of T cell function can be increased considerably by simultaneous blockade of the PD-1 pathway in combination with LAG-3, CTLA-4, or TIM-3 (28, 30, 31) . Tumor-infiltrating CD8 + T cells within solid tumors frequently also display high levels of inhibitory receptors and a diminished capacity to produce effector cytokines such as TNF and IFN-γ (32, 33) . These phenotypic and functional attributes are epigenetically imprinted and are driven by chronic antigen exposure and T cell receptor (TCR) stimulation (34) (35) (36) (37) . jci.org Volume 129 Number 9 September 2019 modulated NKG2C after stimulation. Collectively, our data show that IL-15 in combination with NKG2C stimulation is sufficient to drive adaptive NK cell proliferation. IL-15 stimulation induces NKG2A expression on the surface of adaptive NK cells. The finding that NKG2C expression was lower division for CD57 -NKG2C + , CD57 + NKG2C -, and CD57 + NKG2C + NK cells in anti-NKG2A/C and anti-NKG2C Ab cultures relative to PBS and IgG isotype controls ( Figure 1B ). The increase in proliferation observed for the CD57 + NKG2Csubset may be due to low NKG2C expression on these cells or could reflect cells that down- on NK cells stimulated with the anti-NKG2C Ab relative to cells stimulated with the anti-NKG2A/C Ab led us to hypothesize that simultaneous engagement of NKG2A might prevent activation-induced NKG2C downmodulation. NKG2A and NKG2C are dichotomously expressed on freshly isolated peripheral blood NK cells from most individuals (45) . However, previous studies have shown that common γ-chain cytokines including IL-2 and IL-15 can drive NKG2A upregulation on NK cells and CD8 + T cells (46, 47) . To determine whether IL-15 can induce NKG2A expression on adaptive NK cells, we cultured CD3-and CD19-depleted (CD3/CD19-depleted) cells from HCMV-seropositive donors for 7 days with 10 ng/ml IL-15. We found that NKG2A expression increased over time on the surface of all NK cells stimulated with IL-15, including the CD57 -NKG2C + and CD57 + NKG2C + subsets ( Figure 2 ). Similar percentages of NKG2C + NK cells expressing NKG2A were observed in the anti-NKG2A/C Ab and anti-NKG2C Ab cultures that contained 10 ng/ml IL-15 (Supplemental Figure  1 ; supplemental material available online with this article; https:// doi.org/10.1172/JCI125916DS1). Additionally, we observed continuous upregulation of NKG2A and a concomitant decrease in NKG2C on sorted NKG2C + NK cells that were cultured with 10 ng/ml IL-15 (Supplemental Figure 2 ). Thus, IL-15 stimulation is sufficient to induce NKG2A expression on adaptive NK cells, and engagement of NKG2A may inhibit NKG2C downmodulation in response to stimulation through NKG2C. Although this coexpression explains the differences seen between the anti-NKG2A/C and anti-NKG2C Ab clones, an alternate hypothesis is that differences in affinity between the anti-NKG2A/C and anti-NKG2C Ab clones have an impact on the frequencies of NKG2C + NK cells after plate-bound stimulation. However, this seems less likely, given the known properties of these Abs (43) .
Chronically stimulated adaptive NK cells switch from a CD45RA + CD45ROto a CD45RA -CD45RO + phenotype. Activation of T cells with mitogens or allogeneic cells for extended periods of time in vitro leads to loss of CD45RA and concomitant gain of CD45RO (48) . This switch in isoform expression is a feature of primed T cells with proliferative potential (48) , and CD45RO is regarded as a marker for antigen-specific memory T cells. When analyzing freshly isolated NK cells from HCMV-seropositive donors, we observed uniformly high CD45RA expression and low CD45RO expression on the surface of both the NKG2Cand NKG2C + NK cell subsets ( Figure 3A ). To determine whether NK cells exhibit a switch in CD45 isoform expression after chronic activation in our system, we analyzed CD45RA and CD45RO expression on NK cells from IgG isotype control, NKG2A/C and NKG2C stimulation cultures. NK cells from IgG isotype control cultures exhibited some skewing to a CD45RA -CD45RO + phenotype, but generally maintained a CD45RA expression. In contrast, the majority of NK cells from NKG2A/C and NKG2C stimulation cultures switched to a CD45RA -CD45RO + phenotype. When looking specifically at NKG2C + NK cells, we found that CD45 isoform switching was evident in the vast majority NKG2C + NK cells that were chronically stimulated with anti-NKG2A/C or anti-NKG2C Abs. Furthermore, the frequencies of NKG2C + NK cells expressing CD45RO and the MFI of CD45RO were higher in anti-NKG2C Ab cultures relative to anti-NKG2C/A Ab cultures ( Figure 3B ). Using CellTrace dye to track proliferation, we found that CD45RA -CD45RO + NK cells divided at a higher rate than did CD45RA + CD45RO -NK cells in all 3 culture conditions ( Figure 3C ). Together, our results show that chronic activating receptor stimulation in combination with IL-15 primes NK cells and induces CD45 isoform switching. Furthermore, CD45RA -CD45RO + NK cells have a high proliferative potential.
Chronic stimulation induces checkpoint receptor expression on adaptive NK cells and leads to dysfunction. Whether chronic activation through stimulatory receptors is directly involved in the induction of LAG-3 and PD-1 expression on NK cells has not been reported to our knowledge. To address this question, we performed flow cytometry to assess LAG-3 and PD-1 expression on NKG2Cand NKG2C + NK cells prior to culturing and from control IgG isotype Ab, anti-NKG2A/C Ab, and anti-NKG2C Ab cultures. When analyzing freshly isolated peripheral blood NK cells from HCMV-seropositive donors prior to culturing, we detected no LAG-3 or PD-1 expression on the surface of NKG2Cor NKG2C + NK cells ( Figure 4A ). Although LAG-3 and PD-1 expression was moderately upregulated on NKG2C + NK cells from control IgG isotype Ab cultures, NKG2A/C and NKG2C stimulation induced significantly higher checkpoint inhibitory receptor expression in terms of both frequency and MFI. Of note, the percentage of NKG2C + NK cells expressing both LAG-3 and PD-1 was higher in anti-NKG2C Ab cultures relative to that observed in anti-NK-G2A/C Ab cultures ( Figure 4B) . A representative example of the full gating scheme for flow cytometric analysis is shown in Supplemental Figure 3 . To determine the degree of coexpression of NKG2C, CD45RO, LAG-3, and PD-1 on NK cells from control IgG isotype-and NKG2C-stimulated cultures, we performed t-distributed stochastic neighbor embedding (tSNE) analyses. By this method, we found that all 4 receptors were expressed by the same subset of NK cells ( Figure 4C ).
In addition to phenotypic characterization of chronically stimulated adaptive NK cells from HCMV-seropositive individuals, we analyzed intracellular IFN-γ production in NK cell subsets defined by the expression of NKG2C and LAG-3 in response to K562 myeloid leukemia cells. When comparing the NKG2Cand NKG2C + NK cell subsets from freshly isolated cells before culturing, we observed higher frequencies of IFN-γ production within the NKG2C + NK cell subset ( Figure 5A ), consistent with previous studies demonstrating an enhanced capacity for IFN-γ production by adaptive NK cells relative to canonical NK cells in response to K562 targets (49) . However, when we compared NKG2C + LAG-3 -NK cells with NKG2C + LAG-3 + NK cells from control IgG isotype Ab, anti-NKG2A/C Ab, and anti-NKG2C Ab cultures, we found lower levels of intracellular IFN-γ production by NKG2C + NK cells that were LAG-3 + relative to those that were LAG-3 -( Figure 5B ). Of note, we did not observe a statistically significant defect in degranulation (as measured by surface CD107a expression) in NKG-2C + LAG-3 + NK cells (Supplemental Figure 4 ). This finding agrees with those models of T cell exhaustion in which exhausted T cells still retain the ability to degranulate (25) . Thus, our data show that adaptive NK cells from HCMV-seropositive donors are "primed" for the induction of inhibitory checkpoint receptors and dysfunction in response to chronic activating receptor engagement.
We performed similar experiments comparing cultures containing 1 ng/ml IL-15 versus cultures containing 10 ng/ml IL-15 itive donors and included plate-bound agonist Abs against NKp30 and NKG2D. NKp30 signals through CD3ξ (51) . The signaling cascade downstream of the DAP12 and CD3ξ subunits is similar to the TCR signaling pathway and involves phosphorylation of multiple Src family kinases (52) . In humans, NKG2D associates with DAP10 and signals through Vav1, RhoA, Rac1, and PLC-γ2 (53) . We found that stimulation with agonist Abs against NKG2C, but not NKp30 or NKG2D, promoted the relative expansion of NKG2C + NK cells ( Figure 6A ). Chronic stimulation by all 3 receptors induced higher frequencies of CD45 isoform switching in NKG2C + NK cells relative to NKG2C -NK cells, with NKG2C engagement showing the strongest effect. Similarly, chronic stimulation individually through each of the 3 receptors induced LAG-3 and PD-1 expression preferentially on adaptive NKG2C + NK cells ( Figure  6B ). Thus, our results show that adaptive NKG2C + NK cells differ from canonical NKG2C -NK cells in their propensity to upregulate checkpoint inhibitory receptors in response to chronic activating receptor stimulation.
Adaptive NK cells cocultured with HCMV-infected HUVECs exhibit checkpoint inhibitory receptor upregulation and dysfunction. Since all previous experiments were performed with plate-bound agonist Abs, we sought to determine whether a more physiologic stimulation could also drive upregulation of checkpoint inhibitory receptors and dysfunction. To this end, we infected HUVECs with a version of the TB40/e strain of HCMV that is engineered to express GFP. TB40/e is a highly ednotheliotropic and macrophage-tropic strain of the virus (54) . CD3/CD19-depleted PBMCs from HCMV-seropositive donors were cocultured for 7 days with TB40/e-infected HUVECs or mock-infected HUVECs along with 10 ng/ml IL-15. We observed similar frequencies of NKG2C + NK cells in mock-infected and TB40/e-infected HUVEC cocultures ( Figure 7A ). However, NKG2C + NK cells from TB40/e-infected HUVEC cocultures were stimulated, as indicated by CD45 isoform switching ( Figure 7B ), and exhibited a marked upregulation of both LAG-3 and PD-1 ( Figure 7C ). Additionally, when NK cells from each coculture were used as effectors against K562 targets, we observed a significant impairment in IFN-γ production by NKG2C + LAG3 + NK cells relative to NKG-2C + LAG3 -NK cells from TB40/e-infected HUVEC cocultures ( Figure 7D ). We also performed these experiments using NK cells from HCMV-seronegative donors. Similar to what we observed with NK cells from HCMV-seronegative donors in plate-bound Ab experiments, we observed moderate upregulation of LAG-3 on the surface of NKG2C + NK cells but no significant induction of PD-1. Furthermore, no difference in IFN-γ production was observed between NKG2C + LAG3 + and NKG2C + LAG3 -NK cells from TB40/e-infected HUVEC cocultures (Supplemental Figure  8 ). Together, our data show that interaction with HCMV-infected cells can drive checkpoint inhibitory receptor upregulation and dysfunction in adaptive NK cells.
Chronic NKG2C stimulation drives a program of epigenetic remodeling similar to that of exhausted CD8 + T cells. Several studies in mice have provided evidence for widespread epigenetic and transcriptional alterations in exhausted T cells (34) (35) (36) (37) . We sought to determine whether similar epigenetic changes were also evident in chronically stimulated adaptive NK cells. To this end, we performed whole-genome DNA methylation arrays on and 3 days of culture versus 7 days of culture. In combination with anti-NKG2A/C Ab stimulation, we found that 10 ng/ml IL-15 induced significantly higher expression of LAG-3, PD-1, and CD45RO on NKG2C + NK cells relative to 1 ng/ml IL-15 (Supplemental Figure 5 ). These data suggest that the strength of cytokine signaling affects the degree to which adaptive NK cells are activated and checkpoint inhibitory receptors are induced (Supplemental Figure 5 ). Additionally, we set up 7-day culture experiments to test the effects of 10 ng/ml IL-15 in combination with IgG isotype control Ab, anti-NKG2A/C Ab, or anti-NKG2C Ab on NK cells from HCMV-seronegative donors. In contrast to the results observed with NK cells from HCMV-seropositive donors, NKG2C + NK cells from HCMV-seronegative donors did not preferentially expand in anti-NKG2A/C Ab cultures. We observed a modest upregulation of LAG-3 on NKG2C + cells after culturing, but no additive effect of NKG2A/C or NKG2C stimulation. Furthermore, NKG2C + NK cells from HCMV-seronegative donors did not upregulate PD-1 in any culture condition, and we observed no decrease in intracellular IFN-γ production in cultures with anti-NKG2A/C or anti-NK-G2C Abs (Supplemental Figure 6 ). Because most experiments were performed using CD3/CD19-depleted PBMCs, there was the potential that monocyte activation through engagement of Fc receptors could be a confounding factor. To address this issue, we sorted NKG2Cand NKG2C + NK cells from the peripheral blood of HCMV-seropositive donors and cultured these cells for 7 days with 10 ng/ml IL-15 in combination with 2 different IgG isotype control Abs: anti-NKG2A/C Ab or anti-NKG2C Ab. As with the results obtained from CD3/CD19-depleted PBMC cultures, NKG2C downregulation, CD45 isoform switching, and upregulation of LAG-3 and PD-1 were evident on NKG2C + NK cells stimulated with IL-15 in combination with agonist Abs (Supplemental Figure 7) .
Chronic NKp30 and NKG2D stimulation in combination with IL-15 induces checkpoint inhibitory receptor expression on adaptive but not canonical NK cells. Once engaged, NKG2C propagates an activating signal through its association with the protein tyrosine kinase DNAX activation protein 12 (DAP12) (50) . We sought to determine whether NKG2C engagement was unique or whether chronic stimulation through other activating receptors could also drive adaptive NK cell expansion, activation, and checkpoint inhibitory receptor expression. To test this, we prepared additional cultures using CD3/CD19-depleted cells from HCMV-seropos- lated in exhausted mouse CD8 + T cells (34, 37) . This included genes encoding signaling molecules (CCDC88A, FYN, LCK, PRKACB, SAMSN1), cytokines (CCL5, IFNG, IL21), transcription factors (GFI1, NFATC2, STAT5B, TOX, ZEB1), cell-cycle regulators (CDCA7, MCM3), inhibitors of NF-κB activity (TNFAIP3, TNIP3), GTP-binding proteins of the Ras superfamily (RAB27A, NK cells from HCMV-seropositive donors that were cultured for 7 days with control IgG isotype Ab, anti-NKG2C/A Ab, or anti-NKG2C Ab. We identified a strong signature of promoterassociated DNA hypomethylation in chronically stimulated cells. Many of these hypomethylated promoter regions matched to genes shown by either ATAC-Seq or RNA-Seq to be upregu- Figure 8A ). We also analyzed methylation levels within additional promoter regions associated with genes with altered expression in exhausted mouse CD8 + T cells that exhibited more variability between donors but still yielded a consis- or, chronic activation in vivo. Although it is clear that NK cells in tumor microenvironments frequently express checkpoint inhibitory receptors, the mechanistic underpinnings for NK cell exhaustion have not been determined. Given the myriad transcriptional similarities between NK cells and CD8 + T cells (57), we reasoned that both cell types follow a similar path toward exhaustion. Studies comparing acute and chronic viral infections have shown that differentiation of naive antigen-specific CD8 + T cells toward either a functional memory or a dysfunctional exhaustive state is epigenetically controlled and rapid (approximately 5 to 8 days after infection) (58) . Likewise, tumor-specific CD8 + T cells display a dysfunctional state corresponding to genome-wide transcriptional changes early after tumorigenesis and antigen encounter (34) . CD8 + T cell epigenetic reprograming and dysfunction appear to be driven predominantly by continuous high-affinity TCR engagement (36) . Given these findings, we hypothesized that NK cell exhaustion could be induced using primary cells chronically stimulated ex vivo. We chose to study adaptive CD3 -CD56 dim NK-G2C + NK cells from HCMV-seropositive individuals for 3 reasons. First, this subset is primed in vivo through NKG2C-specific engagement with HLA-E in response to a chronic viral infection (14, 15) . Second, by using an agonist Ab against NKG2C to stimulate cells ex vivo, we could study the effects of continuous activation through the same receptor that primed activation and expansion in vivo. Third, our previous work showed that adaptive NK cells have a unique, whole-genome epigenetic signature approximating that of effector memory CD8 + T cells (18) .
In this study, we define characteristics associated with chronic stimulation and NK cell exhaustion. We found that chronic receptor stimulation in combination with IL-15 induced LAG-3 and PD-1 expression on the surface of adaptive NK cells. PD-1 was almost exclusively expressed on a subset of LAG-3 + NK cells and that LAG-3 expression on NKG2C + NK cells began to increase earlier than did PD-1 expression, suggesting that LAG-3 is turned on early during the exhaustive program and that PD-1 may be induced during terminal NK cell exhaustion. We also observed CD45 isoform switching from CD45RA to CD45RO on dysfunctional NK cells after chronic stimulation through activating receptors. NK cells expanding ex vivo in the presence of irradiated tumor cells have been shown to undergo switching from CD45RA + CD45ROto CD45RA -CD45RO + (59) . It is possible that activation-induced isoform switching occurs in vivo at sites of viral infection or malignancy, but only those cells that revert back to a CD45RA + CD45ROphenotype can efficiently re-enter the peripheral blood. Although CD45RO expression is virtually absent on peripheral blood NK cells isolated from healthy individuals, distinct subsets of CD45RO + cells have been identified in the blood and bone marrow of individuals with various types of hematologic malignancies (60) .
We found that high concentrations (10 ng/ml) of IL-15 induced downmodulation of NKG2C on adaptive NK cells and that this effect was potentiated by NKG2C engagement with a high-affinity Ab against NKG2C. These results align with those of previous studies, in which incubation with HLA-G-derived leader peptides was reported to induce NKG2C downmodulation and internalization (15, 44) . Intriguingly, we observed a lower frequency of NKG2C downmodulation on adaptive NK cells that were stimulated with IL-15 in combination with the Ab clone that from HCMV-seropositive donors after chronic stimulation is epigenetically regulated. Several additional promoter regions that were hypermethylated after chronic NKG2C stimulation are notable and include FOXO1, FOXP1, SATB1, and TCF12, all of which encode transcriptional regulators. Promoter regions for several other genes encoding transcription factors (IKZF3, MEF2D, STAT3, ZBTB38) were hypomethylated after chronic NKG2C stimulation ( Figure 8B ). Additionally, we looked specifically at promoter regions for genes defined as belonging to the PD-1 signaling pathway as determined by gene set enrichment analysis (GSEA). Promoter DNA methylation varied among donors, but general hypomethylation was observed within this gene set ( Figure 8C ). Together, these data show that chronic NKG2C stimulation induces epigenetic reprograming toward an imprint indicative of cytotoxic lymphocyte exhaustion.
Discussion
Although the characteristics of T cell functional exhaustion have been explored in depth, much less is known on this topic with regard to NK cells. Early evidence for NK cell exhaustion came from an analysis of pediatric transplantation patients with posttransplantation lymphoproliferative disorder (PTLD), a life-threatening complication of organ transplantation caused by EBV infection and chronic immunosuppression. NK cells from these patients showed significant upregulation of PD-1 and dysfunction with regard to IFN-γ production. Marginal decreases in degranulation were also reported. Ex vivo culture of NK cells from these patients with PD-1-blocking Abs restored IFN-γ production but not degranulation (55) . A subset of CD3 -CD56 dim CD16 + NK cells expressing PD-1 and exhibiting functional impairment has also been reported in patients with Kaposi sarcoma (41) . One recent study in mice demonstrated a contribution of NK cells to effective immunotherapy mediated by PD-1 blockade. PD-1 expression was observed on the majority of tumor-infiltrating NK cells, but PD-1 + cells were not dysfunctional as determined ex vivo by functional responsiveness to engagement of activating receptors (56) . However, it is unclear whether the NK cells being tested ex vivo in that study had engaged tumor cells and experienced pri- Heatmap of annotated genomic sites that exhibited consistent differential methylation across NK cells from 7 donors from IgG2b isotype Ab and anti-NKG2A/C Ab cultures and a list of genes within this data set that match genes shown to be differentially expressed or epigenetically remodeled as a result of CD8 + T cell exhaustion. Genes in blue text were shown to be remodeled in exhausted CD8 + T cells as determined by assay for transposase-accessible chromatin with sequencing (ATAC-Seq) (37) . Genes in red text were found to be induced in tumor-specific CD8 + T cells as determined by RNA-Seq (34) . Genes in green text were identified in both studies. (B) Heatmap of gene-associated promoter regions that exhibited differential methylation between NK cells cultured with IgG2b isotype Ab, anti-NKG2A/C Ab, or anti-NKG2C Ab and were also reported to be differentially regulated in exhausted CD8 + T cells. (C) Heatmap of gene-associated promoter regions matching to the PD-1 signaling pathway as determined by GSEA. jci.org Volume 129 Number 9 September 2019
Primary cell isolation and tissue culture. PBMCs were isolated by Ficoll-Paque (GE Healthcare) density gradient centrifugation. T and B cells were depleted using anti-CD3 and anti-CD19 magnetic beads (STEMCELL Technologies) according to the manufacturer's protocol. Tissue culture plates (24-well; Corning) were prepared by adding 10 μg/mL mouse IgG2b isotype Ab (BD Biosciences), anti-Ig-G2a isotype Ab (20102; R&D Systems), anti-NKG2A/C Ab (131415; R&D Systems), anti-NKG2C Ab (134571; R&D Systems), anti-NKp30 Ab (210845; R&D Systems), or anti-NKG2D Ab (149810; R&D Systems) in 0.5 mL PBS. Plates were incubated at 4°C overnight and then washed with PBS to remove unbound Ab. CD3/ CD19-depleted PBMCs were cultured in the prepared plates at a concentration of 0.5 × 10 6 cells per well in 1 mL B0 media (DMEM plus Ham's F-12 medium, 2:1, supplemented with 10% heat-inactivated human AB sera, 1% penicillin-streptomycin, 25 μM β-mercaptoethanol, 20 μg/mL ascorbic acid, and 0.05 μg/mL sodium selenite). IL-15 (1 ng/ml or 10 ng/ml; National Cancer Institute) was added at the beginning of the culture. Cells were then cultured for 7 days at 37°C. For experiments designed to track NK cell proliferation, CD3/CD19-depleted PBMCs were labeled with the CellTrace Violet Cell proliferation Kit (Invitrogen) according to the manufacturer's instructions.
Flow cytometric analysis. For flow cytometry, staining was performed with fluorochrome-conjugated Abs against the surface epitopes CD3 (OKT4; BioLegend), CD56 (HDCD56; Biolegend), CD57 (NK-1; BD Biosciences), NKG2C (134591; R&D Systems), NKG2A (Z199; Beckman Coulter) LAG-3 (11C3C65; BioLegend), PD-1 (EH12.2H7; BioLegend), CD107a (H4A3; BioLegend), CD45RA (HI100; BioLegend), and CD45RO (UCHL1; BioLegend). Intracellular cytokine staining was performed using a fluorochrome-conjugated Ab against IFN-γ (B27; BD Biosciences). Cells were surface stained with a dead cell stain (Invitrogen, Thermo Fisher Scientific) in FACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA) and fixed in 2% formaldehyde. Flow cytometric data were acquired on an LSR II instrument (BD Biosciences) and analyzed with FlowJo software, version 10 (Tree Star). Cell sorting was performed using a FACS Aria instrument (BD Biosciences).
NK cell coculture with mock-and TB40/e-infected HUVECs. HUVECs were obtained from Lonza and propagated in EGM-2 media. Cells were cultured for 3 to 4 passages prior to infection. HUVECs were infected with the TB40/e HCMV strain modified to express GFP (provided by Don J. Diamond, City of Hope, Duarte, California, USA). Briefly, HUVECs were seeded at a concentration of 1.5 × 10 3 cells/ well in a 96-well tissue culture plate (Corning) and cultured at 37°C overnight. The following day, HUVECs were infected with TB40/e at a MOI of 0.5 by a 30-minute spin transduction. Cells were then cultured for 1.5 hours at 37°C, washed twice with prewarmed PBS, and cultured with fresh media overnight at 37°C. TB40/e infection was confirmed by visualization of GFP expression. HUVECs were spun down and cultured in parallel without the addition of TB40/e virus to serve as a mock control for NK cell coculture experiments. The day after infection, CD3/CD19-depleted PBMCs were added at a concentration of 1.5 × 10 5 cells per well in B0 media containing 10 ng/ml IL-15 (National Cancer Institute). NK cells were harvested for surface staining and function assays after 7 days.
NK cell function assays. Freshly isolated NK cells or NK cells from 7-day cultures were incubated at an effector-to-target (E/T) ratio of 2:1 with K562 cells. After 4 hours of coincubation, intracellular and surface engages both NKG2C and NKG2A relative to the Ab clone that engages only NKG2C. Although adaptive NK cells that were stimulated with the anti-NKG2A/C Ab showed upregulation of LAG-3 and PD-1 along with lower IFN-γ production, the magnitude of exhaustion was less than that observed with anti-NKG2C Ab stimulation. These results suggest that signaling through inhibitory receptors may play a role in preventing activating receptor downmodulation and mitigating exhaustion during chronic stimulation. These findings have important implications for the translation of adaptive NK cell to use in the clinic and support a common theme in immunology in which balanced activation and inhibition may have advantages over unopposed activation alone. Indeed, previous work by Colonna and colleagues aimed at determining the function of NKG2A during viral infections in vivo demonstrated that NKG2A plays an important role in limiting excessive activation, preventing apoptosis, and preserving CD8 + T cell responses during viral infection (61) .
In addition to phenotypically and functionally characterizing adaptive NK cell exhaustion, we show that chronic stimulation drives epigenetic reprograming, as evidenced by genomewide changes in DNA methylation. Many of the same genes that have been previously identified as epigenetically remodeled in exhausted CD8 + T cells exhibited alterations in DNA methylation in our study of chronically stimulated adaptive NK cells. Several genes encoding transcription factors and epigenetic regulators (FOXO1, FOXP1, SATB1, TCF12) that have been linked to T cell exhaustion (62-67) exhibited promoter hypermethylation in response to chronic stimulation. In contrast, several genes encoding transcription factors and epigenetic regulators (IKZF3, NFATC, TOX, ZBTB38) that are induced in exhausted T cells (68-71) exhibited promoter hypomethylation in response to chronic stimulation.
The results presented here show that NK cells and CD8 + T cells share a molecular program of exhaustion in response to chronic activation. This has implications in immunotherapy, in which the goal is to reverse immune exhaustion and rejuvenate cellular cytotoxic responses against tumors. Our data suggest that NK cell exhaustion is not a transient state. Instead, NK cell exhaustion is epigenetically imprinted with a large number of genomic regions displaying differential methylation patterns. Given the epigenetic similarities between NK cell and CD8 + T cell exhaustion, it is likely that the therapeutic benefit of PD-1 and LAG-3 blockade is due to a reversal of exhaustion of both CD8 + T cells and NK cells responding to tumors through a similar molecular mechanism. It will be of considerable interest to compare the epigenetic landscape of tumor-infiltrating NK cells and CD8 + T cells from patients with solid tumors for in vivo confirmation of these results. It will also be of interest to determine whether dysfunctional NK cell subsets that arise in response to chronic HIV and HCV infections (72, 73) in humans also exhibit hallmarks of cytotoxic lymphocyte exhaustion.
Methods
Healthy blood donors. Peripheral blood products were obtained from the Memorial Blood Bank (Minneapolis, Minnesota, USA). All donors were prescreened for HCMV serostatus, and all blood products were deidentified. staining was performed as described above, and NK cells were analyzed on an LSR II instrument (BD Biosciences). K562 cells were purchased from American Type Culture Collection (ATCC) and maintained according to their instructions. For intracellular staining, GolgiStop and GolgiPlug (BD Biosciences) were used to block cytokine secretion, and cells were permeabilized in 0.05% Triton X-100 (MilliporeSigma).
Genomic DNA methylation analysis. After a 7-day culture with plate-bound anti-NKG2C or IgG isotype Abs, NK cells were lysed and DNA was extracted using the DNeasy Blood & Tissue Kit (QIAGEN). DNA was quantified, bisulfite-converted, and analyzed on Illumina Infinium MethylationEPIC BeadChips at the University of Minnesota Genomics Center according to the manufacturer's instructions. Raw and processed DNA methylation data have been submitted to the Gene Expression Omnibus (GEO) database curated by the NCBI (GEO GSE131973).
Statistics. Data are presented as the mean ± SEM. Paired t tests were used for comparisons, maintaining internal pairing within each donor sample. The P values for multiple pairwise comparisons were adjusted using the method of Hommel (74) when comparing more than 2 groups in an experiment. All tests were 2 sided. P values of 0.05 or less were considered statistically significant. Statistical analyses were performed with SAS 9.4 (SAS Institute), and graphs were generated using GraphPad Prism 7 (GraphPad Software). Images of NK cell phenotypes by tSNE were created in FlowJo software, version 10. Average β values from whole-genome DNA methylation arrays were analyzed using GenomeStudio (Illumina) and R package. Genes with adjusted P values of less than 0.5 (rank permutation test) and a diffbeta value higher than 0.3 were selected. A heatmap of the selected genes was plotted with the NMF package.
